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kABSTRACT

A new method for parameteriziﬁg turbulent fluxes of momentum,
heat, and moisture withiﬁ the stable surface layer is presented. The
method is designed to supplant the existing scheme ﬁsed in the Geophysical
Fluid Dynamicé Laboratory's 'E2' physics package. The existing E2 scheme
is incompatible with the turbulent transfer coefficients that are used
’in‘the current version of the Medium Range Forecast Model (the MRF86). The
new method unifies‘the subdivided stable regime of the E2 physics and
provides a compatible, economical, and noniterative technique fhat‘does

not possess the limitation of a finite critical bulk Richardson~number{



Introduction -

A technique'ie presented for computingithe surfaceilayer fluxes of
fmdmenfum, heat, and moisture during stable conditions. - The method is
’inﬁeﬁded'to replace‘the_existing scheme used in‘fhe Geophysical Fluid
‘Dynamics‘Labofatory;s 'E2! bouﬁdary layer parameterization.

V'The"EZ' method~divides the'stable‘surface layer into four regimes:
ﬁeekly_stable, ﬁildly eteble;jStrongly stable, and nonturbulenf. Except
~ for thefnonturbulent category,veach regime has a specific flux—profile
reletieﬁ.A These relafions are‘functions of the nondimensional height,

% = z/L, in which L is the Obukhov 'length.v ‘The flrst three regimes

.’are specified by, (Q\“'\ (%) = G? (%)* L? (%), in Whlch :

weakly' el T. (1.1)
stabl}e’::r Ceﬁ (%> L+ 5 % 0 < % SL 5 -
m;llci‘lyfr‘;, CQ (gh} el % -4 ,’)_5" -\»_:",_. o. 5—\4 % \< lo (1.2)
‘ stable: ™M : , % _ g.z_ : ’
kerind “2 (€)= 0.7¢ o &G, 0

The functions “are the universal nondimensional vertical

RV
shears of Wlndspeed, potential temperature, and specific humldlty and’
. are defined by,

. EE/ L. ‘ :; ﬁf?i : RIS
CQmC | \) hw B2 Y T (1.4)
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'in Which %{ (f‘ O, L{) is the von Karmen constant, and LL&%') é%% , and
ﬁgié are the turbulent scallng parameters for the fluxes of mogentum, heat,

and humidity. The COnStantsvb and ¢ are on the order of unity for all

“published flux—prefile relations. For the‘fEQ'fprofiies,.b =c = 1,

It'ie fairlyfcomﬁon mddeling practfee_to uee (1.1):for the entire

. stable “regimle 1 7 Ok ‘. 'The_ use.of (1.1) for all © 5/ O . leads to
_agcriticai'gradienf‘Richerdson number (Eejﬁé) of 0.20. Mo@eled‘shrfeCehﬁ -

'”layer turbuient fluxee vanish as”the critiCal'Richardson nﬁmber is e

: _epproached. As the fluxes vanlsh the nondimensional- lehgth dlverges

§'—~5> + CK? ), and the Obukhov length approaches zero.?

The most 31gn1f1cant effect of introducing relatlons (1 1= 3), as
:suggested by Carson and Richards (1977), is to Shlft the crltlcal Rlchardson
number from 0.2Vto 1.32. This shlft'permftsvthe.ex1stence.of modeledv :
‘turhulent fluxes 0ver a-more generous ranée of stabilify:fhen wduid‘he
allewed by-(l.1). The furbulenf‘fluxes of mbmentuﬁ?;heafb and meisture
in the surface layer ere denoted hyb FF14 )r};?;; 'FF:f": and are

Q.

given by,‘

Ta= =Pk = -ple=)” 27 (22)%an



rF;% = —P CS” M'* @*“:i (&%) > .’;% 7 (1.8)
r}; s—focf “*cb* ,-,p(&g) of(CFMqDQ) ..g 2.0 o)

In this nmote we shall ‘make the standard assumption that C%? — CEy
'élthough fully convincing corroboratlve evidence is 1ack1ng. We shall
_also assume that CPM CFQ durlng stable condltlons. For unstable
: condltlons it is well known (see, for example, Bus;nger_et alf, 1971)
that thié'iS'not’the case, but for ﬁildly stable'conditions, expeyimehtal

: daté suggest that q%% :J?7 qQ Fbr ihcreasing stability; it is poésible

‘   thaf qjﬂyu and CPPi begln to differ substantially (Turner, 1973; Kondo
“>  é£ al. 1977), but  we shall,not attempt to deal with this pos31b111ty in this‘
.nOte.bl | | | -

To help démonstrate thé need'for an alternative flﬁx—prdfile‘fofmulatioﬁ,'
we firstJShow thaﬁ_fdr ﬁodelingvp;fpdéés,kstandard linear Cij H of

the form . B S ; ; ‘
“’“’?M = (3#’;( | +Oi,«,’§> (1.10)
. ) : “ —‘—O\ ) o ' /\/O{ . : ‘ |
CQ B @H (_\ H % K OL ™ H J (3”_"»’[3“'(1.1.1)
can impose an undesirable restriction. From the definition éf theyObukﬂov

length (Busingef et.él., 1971),

(1.13)



:nocturnal condltlons. A relaxatlon of the 1%

and from (1.4,5), we see that the connecting'relation'between the'gradient.

. Richardson number \ = £§_ _fa '3\) ) 2 *and the-nondimensiodal:height.%

9237.»

/P\; = 1. | (1.14)

is simply - ' g

%

For the linear CQ, inj(l.lo,ll), the relation between da - and R is

"3_, (1.15)

%—«9‘39 s (1. 15) shows that R approaches a finite 11m1t ( /P\c)

™

‘f:hat is‘giwen by ' /R = H(S (DL\V] (3 ) (1-16‘)’

<
Field e#oeriments indicate thatufg :: 0.4 —~ 1\ .and oL = “l*'7 ; The
data of Businger et al. (1971) yield "R = 0.213, while the data of Dyer and
Hicks (see Dyer, 1974) yield ;T{¢.= '6.20. Both values of are probably
too resfrictive‘for'numerical.modele'in which R quite commonly exceeds rP\éfr_

. The-main.ebnsequence.Of a low ‘f{c is that too much of the upward

daytime heat from_the air~grouhd interface iﬁto-surface layer and the

layers above the surface layer cannot return to the ground durlng ‘stable
c restriction is needed to

enhance the downward flux at nlght. Compared to the daytime convective

surface 1ayer,_the nocturnal surface layer is shallow with small, patchy
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turbulent eddies mixed with gravity”Wéves. As Yu (1978) has ‘pointed out,

there is no commonly agreed upqﬁ=definition_of'the depth of the stable

boundary layer,‘much lésé‘ausimple mathématicél-descripfion.A Wyngaard (1985)
observed 6f3the $table Boundary layer;ﬁhat, V.fits énéggeti¢s can bé in a
delicaﬁe_andkprecarious balaﬁcé;'and extremely sensitiﬁé‘to changes‘in
vthe“meén wind profile‘(whosé shear is its energy source) aﬁd thé mean
temperature brofiie (whosé Stéble'iapée rate seVérelyviimits'ité‘vérticalﬁ
mqtions);. 5 |
E The lé?kfof%éigér—gut;knowledge of the stable'boﬁndary_iayerfs
,prdfile‘1aW§LPérmits.séme copstfuctive tampering, as in Carson and.
‘Richards ';'a,rof‘il‘e; laws (1.1-3). Their expression for mild stability
. "‘3“'(1.2) ddes Vﬁot ériserj'flv:"onjl eﬁn\pificai datg, but is mefely a smooth’
' ‘kinterpdlaﬁibﬁ.fromﬁ(i.lj;to'(1-3);' Only;(l.l)‘has Sfrdng ekberimenfal

. support.

1I. The‘extension 6f (Rc éﬁd é,new formulatidn for C?rm,ﬂk

In this section We‘shall prpposgﬁa simple.formglaﬁionrfqr C{;ﬂ}{,
that exhibits neither afériticél gradient nor a criticél Bulk Richardson
number. In‘addition, the formﬁiatiqn d§es‘not‘requife threévpartitioning

relatibhs as . is the case with (1.1-3).

To motivate the new form for CFPI)H"’ we first examine the
behaviof of Eéi and the turbulent diffusion coefficients for’the gépéral
linear profiles (1.10,11). As sﬁown in (1;15), a quadratic equation mﬁst
-bé solved to compute ,§; from a giveﬂ gradienthichardson number. A
o ‘simpler, more perspicuéus épProximatioﬁ,nglid f§r cL'vj y %é‘:>:> 1,
. : E ; J‘ :

bresultS-ffomvexpressing (1.15) as



5 " ,%_ _U— Q‘M<%)1 ( \ + ,-d"ﬁ‘ Q”' <3

and using

Q«—e) =+ e +O(I;c;'*:)

© to get

= YR/ =®]RD) o
in which | .
¥= rduy =% w o, a2y
7 <*‘$ﬁ o H»fith.~ |
The expressions for the diffusion coefficients “F;Tﬂ B follow from‘(1;7,8)
and are given by
gt < v
Kuu =L 0w (8052 ew
in which - ( ) .
2.4 :
[@MH@M0+@M@@+@ ﬂ %
and the m1x1ng length 5{ 1s equal to &.aﬁ For the»spec1al,case of

the DyerfﬁlcksAproflle (1. 1), we have

B /R : s |
5= i';iok/& 5 N4 | (2.5)

and

Ko, w

)

Q; aU (\1 QL/R) /RLOL"

L (2.6)



‘1n whlch 0&' /R o= S 0. The .turbulent. cliffusion ‘coeffi‘c'ients drop
to ‘zero rapldly and % dlverges as R approaches 0. 2, ‘a rather strlngent '

‘ stablllty range. .

Th1s undes1rable s:l_tuatlon is. substantlally offset by 1nvok1ng
proflle laws (1 2) and (l 3) lEq.‘ (L. 2) requlres that a cublc equat.lon
“be solved to comput-e % from “'R. By subst‘lztutlon, we see that» R,'}LBZ
as %...3,. 10. The._criti'eal‘ :grael"ient‘ ‘Richardson_ :‘number also equals fl'.~32’
'lsince’v.,' for % ?/ 10, RlS i‘ndepentle_nt' of % an'd‘equalls4 (007 L-;)— \. y ‘whieh 7
is ‘just'f‘»l.32. k Thu‘s,,‘-wi_th.“.‘the Carson and Rvi':'éharvds' profile laws, the B
' range of " the g.,rrad)i_ent,' Rlchardson numb\ers‘ is exkpandedr by a'vfaclrto'r of 6-7
‘orrer the simpl:er linear CQ Y"‘\) “g o

In calculatlng the surface fluxes in numerlcal models, it ‘is the bulk :
rat‘her than gradlent Rlehardson number that-'_l-s the useful nond1men31onal -parameter;
Giv_en' the ‘bpkotent'ial‘ temperat‘u‘re v’c’l’if.ference A 9 between zo ( = roughness :

khei'ght):”'ﬁand 7 (frequently taken as the helght of the flrst model layer)

s M‘kv'and the w1ndspeed U at.- z, then a bulk Rlchardson number deflned as

) ’R\B"‘ 3 %= U-z A 9 can. be shown to be related to -~ Z/L by an express1on
8. ‘

analogous to (1 14), that 1s, o

=X

=



in which ,
FA ‘ .

- _ cL { ,

E\)H gzo Ez; CQVSHE,/ L\) | (2.8

For the Carson and Richards profiles,-FM’H are given by

S S | | |
E - :S ls oI | | | |
LA g 5. Ceifw B 'Qj“ —é+5ﬁ% —Sa-) for 0« $¢ 0.5 (2.9
FE = I .. 3 § ‘l- v o Loy '
A ‘M!‘l'“,gg =0.5) x S C %%T (8-4.25 ¢y 5‘1) (2.10)

R

" and '
In the case of a weakly stable surface layer ( § ¢ 0.5), we have
Ru= 2 v s(5-5)
or (for &§_ << | , which is generally the case),
‘ S = /E\B M@/}%J
. ) . .

(2.12)




The mlldly and strongly stable cases ate nonllnear and can be solved by
1terat10n' however, from (2 11) it is ev1dent that the ct1t1cal RB 15
equal to 4 (O ‘7&)) l 32 Th1s is the same value as the critical gradlent
Rlchardson number. For ’K —> 1. 32, %‘ diverges ‘and the vs»urfece V
fluxes vanlsh. | | |

A new flux—proflle express1on can be devised by first notlng that

Non = R 2z (V- R) S, R
can be”appro(ximated‘ for QLR{QE by
9\ W (w@w&} BNERES

| Sinqe L\.'ké&’@jﬂz"z V- LR +O(’Rl) |
~ and (\ —oL/R.)Q',-: | — 2ol R o+ L™ ’P\q‘ agree to first-order in R,
it is reasonable to speculate that (2.6), _Wh:tch is valid only for
0 ${’R< Gla_!,could, be brofitably eupplehted ’by Q +QL,’R>— 2;' which is
valid for all "R © . With (\,‘-r-kot’R‘)'?’, there is no critical
gradient Richardson‘numberb at which sqrfece fluxes vanls:h. | . Mor'eover,
'(2.l3) is _cufrently used et all levels -above the sﬁvl‘rface lever in .the
‘n‘ew ve_rsiohv of the Medium Range Foreces_t Model ‘(the'»so-called MRF 86).
) 'Adopting (2“.>13‘) ‘as the ;formulatiorvl of choice fet the ‘su‘rface: 1ayer‘

means ahandbhing ‘the Carson and Richards flux—pfpfile eXpressiohs for k



@y - ostace L
C Sha ()= H (%) ‘QMHK%)]

'1t follows from (2 13) that the new (Q become

GQ <€Q+m> e T g

g = Q-}*QL/K)/R\‘ S | "“"(‘2.15)‘:

or".. | /K:‘ 0"(‘ m . | “ - (2.16)

2

" (2.17)

.  ane Ve »CQM_;— Q. =--*z}:.( L+ \"“‘“"°L3 ).

qui-smfall values of. ’K and % . we have the usual linear results,
5 =R : o (2.18)
@ = 1 taS
' ‘ (2.19)
but for’ large % L, we have the results

(2.20)

S ~ d»’Rf’}
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It is the departure from llnearlty An (2 20 1) that removes the p0331b111ty

of ‘a: f1n1te pos1t1ve crltlcal Rlchardson number. -

: “III. ‘ Solutions for % as funct1ons of /F\E;

" v‘In this section we shoW how g .ean be computed by 1terat10n as. ‘a
‘functiOn of ‘the bulk 'Richardson’»numberf We shall also show that g
»ca‘n be approx1mated to acceptable accuracy m1thout 1terat10n. ~In elther o
case knowledge of % 1eads dlrectly to u*,e % and q*, and, there.fore,,

to the turbulent fluxes'F Qj ‘We can also compute CM" and CH’
: M,H, S '

’the bulk transfer coefflclents for momentum and heat fr_om'.i

'} The -flux‘es r]: : : are calculated from ; . . v
F, = (OC U

Feo= - (3 C C v AG L ew

‘,\B’a .
“*n o
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We flrst 1ntegrate d\jm Hto get Fl"l H s

R g% %'CQ (z/L)

%b

Z,

il

L
72

b T - f\;ww%

A

M <m“l)(«/ PR :M}

¥ (a/\+%c&% +\)(Vl+%¢§ ) <36>

Since FM W are conventionally written in’ the form

FZ = Q/m_z: _._.TE<2/L 3 éo/L)j '(3.7)._

My i %o

(Lumley and Panofsky, 1964), we see that d /Q/\’\ (%/?:a) has been 'lost'

Wlthln the algebra of | (3 6) Moreover, experlence in computlng the

, ’T}+ | iteration of. % (E gn-u ). from

g‘ﬂﬂ-:-, | Ff:(g“ s gon> »/RE i 3.8)
R CSns S.,)

shows that the iteration fails for close-to-neutral cases in which %

becomes too small. There is nothing algvebraically i_ﬁéorrect with (2.7)



ia_
H_and‘(3.6)$ #he difficulty_ariseé ffom the computation of the factor’:

. ( m?_| );..‘Wheg:‘. %o"‘ is sufficieﬁtly ‘sxrn'ayll; vthe“ factor is
:e‘erroneqeely cemputed'as~é ﬁegative‘numberbﬁith a very small abSolute

value on aicompﬁtef with finiteqprecisien. .This causes the bracketed

‘ factor din (3 6) to be a large negatlee‘quantlty, and the computatlon halts.~.
To f1nd a remedy for thlS fallure, We must derive a more -computer

friendly'wform of_(3.6). Thls is achleved by wrltlng the bracketed term '

in (3.6) as

R RCENICSDE
_LSM) (5; \)
where the 5,80 notatlon is obv1ous, and by multlplylng the numerator and

denomlnator by So~—;+ 1 and s+ 1l

\ Q/YL "_(ﬁl—"\)(aﬁg"k‘i)z :.LQA’LZ 5+ -
2 (_5+1)7f(‘*°(§°).‘, 2 QZ 544) (3.9)

 We see that the 'missing' ,‘éz jLYI(Z/ZO) has been recdveredjand we

havetthe readily—computable>(3;10):

| }: | '::.xQ/Wé _ Y (,E/L; KQ/L) ‘(3"1‘0).‘



14.?
Z v L+
| T ( + LkoLg ) ( + L\oL%)ﬁLQ/n(@{:)Q Ay

FM reducés to the famiTl:‘i_ar 'log + linear' form as neu't_ral-condiﬂtio‘n‘s
( L,A)-l- Q@ are approached

The solution for g for ‘the log + 1inear 'expression‘» is ‘given by (2.12).

(2 12) and (3 12) are only valid for obL %4(! To derive an

_ api)rox1mate expre551on valld for oL g >>‘ s we erte F H ‘as L
o (5580 = 5, “ 9,8 +§ EASRGE
» : s .. T8 b ] R ‘
- = Fﬁ*\;ﬁ (%b } %-a) —\-— Q(g_; %b> : S (-3.13)_ .

1n which"%b is choée:n' so. that oL % b>>| We then have

.’QC%4%b)':lS d“% (\'M/ +qa§>

| | e |
N~M§+MT5« A.Q g"i“f,, o .
Se %]k X S | (3.14)

Q’“L/zo N 1”\—’1(% — g,
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| ‘x“:“Thus forv o % >>\ 5

B S (ORRC

o )HN’Q/“( ) Y(%%)* 9/*\* +zr‘(%z )<3ls> |
g , It 1s ,cp“tivue‘nien;t‘- and Qtandard 7;p‘ractice to de"f__iﬁe N

(3.16)

) in: Whi ch

W%r i ‘fag %g

(3.17)

For thgvproblefn at _hand LP (g) 1s glven by “
Y ( )=l (u- 1+ § )"(‘*“3)Q'+*l,[-.-9fn2;<3°18’

The approx1mate expre551on for M H (%} can now b'e‘wrltten as

M\&%M?M(é) YCs v ws)

, "O'v

‘,.\- _\?.:M( \) 1+ l,\{—“—-p (g Y bl)} |
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- which, forOL =5 and %5 = 1, becomes

FMJH(%)""/Q’Y\(%D p/‘ﬁ % + 2'\/5 % (o | | (‘_3.19) |

\e

ﬁ QM(\-\-F) Zf\lb A\Jr sz (3.20)

B °\\Q.

1

If \E Q/ng is neglected in comparlson to /Q_ln (2/}0) H , we get,
_gm[Q/m(z/zo) *’»ZMSI % 4+ H]/P\,B (3.21)
If we let Y E% ")‘,f‘then (3.21) approximates the quadratic equation
-2[\'/'OL”"/P.L5% — A/RB =05 (3.22)

e B ey,

(3.23)

The physically correct solution to (3.22) is

"_YK)L@’): ‘\Id'/R W

(3.24) -
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in which %\ is defined as

Y

9 = %&) a'i- '_ ' o | (3.25)»

-Numerlcal computatlons show that % can be.adequately approximated by _
g R QJ“(Z/Z) ‘,fork » (g \4 O’ZS'and %‘ for.p% > 0,9_5-‘

Substitution’of the approkimate_value of & into (3.10;11) leads
to momentum and héat transfer coefficients C:Pf y  that differ only

slightiy fronfthe fekact' values. vTable i'shows the relation‘between
L, R, ( T
_3/IRB s 5, 5 /P‘ Q’“%/E) % [ Eqs. (3.24,3.25)]

and (qu W for a Wlde range of L for Z = 50 m and for Zs = 0;6601 M. .
Table II is the same ‘as Table I,‘except that Zg = 1. o”m.

These tables encompass the extreme ranges of stablllty and roughness
that are llkely to be . encountered in routine modellng calculatlons, yet
go well. beyond the range for which there are supportlng f1eld data. ‘For.,-
example, for L ~ % ’V\ meter, it is unllkely that any exlstlng =
'proflle law can adequately predlct E) (zy. and’ U (Z) In: fact, allx

calculatlons for ';}o 25 ,‘LJ should be. v1ewed w1th susp1c1on,

'even though such ‘conditions may arise fairly frequently in numerlcal

modellng practice.
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+-Table 1. Comparison. between exact and approximate g for Zoe = . 0001
2, . , : .
s metersv_/P\BX'O o g S %oo ‘ gl C M, H X \03-
10,000 ~ 0.38 5.00E~3" 4.99E-3 . 4.37E-3 0.926
1,000 - 3.75 5.00E-2 . . 4.92F-2. . 4.,56E-2 =~ 0.898
500 - 7.38 . . 10.00E-2 - 9.69E-2 9.28E-2 0.872
2250 ¢ 17.80 0.2 0.189 0.190 0.831
100 34,10 0.5 0.447 - 0.488 . 0.743
75 44,30 . 0.667 ‘ 0.582 0.658 0.708
50 . °63.80 . 1.00 0.837° . .. 1.00: 0.651
25+ 116.00 :2.00 - 1.52 . 2.04 0.540
10 - 244.00 5.00 321 524 0.382
S5 412,00 ©10.00 C 541 : 10.6 ' 0.272°
1 1220.00 50.00 ~16.0 537 0.0953
Table II. Comparison between exact and approximate s for 2= 1.Owm
L, mete : 3 . . : s 3
b meters R x 103 & Se 5, CouuXlo
10,000 1.27 5.00E-3 4.97E-3 2.84E-3 - 10.3
1,000. 12,10 5.00E-2 .. 4.73E-2 3.41E-3 9.37
500 23.10 .. 10.00E-2 9.05E-2 7 J44E-2 8.56
- 250 43.00 0.2 0.168 - 0.164 7.41
100 .. 92,40 045 B 0.362 0.467 " 5.47
75. ¢ 116.00 0.667 = - 0.453 0.647 4,82
50 157 .00 : 1.00 0.614 1.02 . 3.94
25 - 256.00 2.00 1,000 2,21 2.61
10 462,00 . 5.00 1.81 5.96 1.36
5 629.00 10.00 2.73 12.4 0.782

1 1710.00 " 50.00 - 6.70 65.3" - 0,188



Table III. C.Ompari"son of exa‘ct‘:(q:He.), v an_d. approximate(rFHa'> heat

'f“luxe_ys ( watts -+ ) for A e =92 K and '2'.‘0'—‘-0.0(‘)0\‘7“'

T T .
U Rexio® L Co ¥ ‘o T

T

35.6 o 95.3 o 0.738

1 : 1

‘ ~44.0 : 75.6 0.709 B 15
1
1

55.7 58.2 - .0.673
7207 43,1 < 04623 7
199.0 30.2 0.571 .
143.00 . 19.6 . 0.498
223.00 11.3. - . . 0.402
396.00 ° 5.5 - - 0.279
©891.00 o lse .0.136
3560.00 0.2~ 0.021

e

QO ML O WU
L)

. *« o
OO WO WO o

B 1 b

QO MNWUL O W~
2 w ® "o e
OO0 OWNOO &~W

e o .o

FRNWRUTON®WOO

.
[\
.

Table IV. Similar to Table 'IIi e)icept Fo = ts0 wvw .

- A - e
'{L)A/RBX'OQ-1L’1'*Cﬂﬁx‘of | T ,Wif

10 35,60 310.00 : 7.80 : - 198.00 - 188.00
9 44,00 244,00 . 7.36 . - ~ 168.00 160.00
8 - 55.70 185,00 . 6.81 " - 138.00 .~ 131.00 .

7 © 72070 135.00 - - 6.13 -+ 107.00 103.00
6 99.00 91.70 . 5.27 : 78.10 76430
5 143.00 56.90 4,22 " 50.70 50.80
4 223.00 30,60 C2.97 27.30 28.60
3 396.00 . - 12.80. C 1464 o 10.60 - 11.90
2 891,00 ~  3.30  0.545 ‘ 2.15 2.63
1 3560.00. - . 0.20 . . 0.501 0.09 0.12



. Table 1, represent1ng a very smooth surface, .shows that when L kranges

from , |. o~m (extremely stable) to lOH’m (very close to neutral), the heat: e
_and momentum transfer coeff1c1ents Vary ‘over about one order of magnltude.-‘
: »By constrast‘ Table" Il,h representing'- an’ extremely rough surface, shows.

: ,that the same range of L produces C!"! H that ‘spamw more than two orders of

| ,magnltude. We also see that the approx1matlon % - % o | holds fairly
'Wel'l for%,é O '2_5 . and,_'_that % nJ % \ | is reasonablyb
S va‘li'd.-, for ; % 21 o ’0.'2,_5. - Note that gco progressively underestimates
| gexact for g 4[ and:'overes-timates gaxch .’ ’for‘ g > 1.

Tables IIT and IV glve the energy fluX (watts 'Yn'z) for }_’_‘- =0, OOOlm
and % =1, Om for Aé 2 l< amo{U that dlmlnlshes from |O 'Tn SQ,C to
177"\ 5€C Although the sen81ble heat flux for moderately stable condltlons
is rather modest 1t, ‘»-1s 'by no  means negl1g1b1e and: is comp’arable to a
typical nocturnal 3011 heat flux. “In contrast, t’he ~sen‘sible heat flux o’f
188 ‘Wa_tts"Yn —% for Zo = 1 Om and U=z o W\SQC, ! is 'ce‘rtainly counter—
intu‘it'ive‘for“ nocturnal condltlons. We note, however, that although ’Rg
Jis: stable, it is falrly close to neutral. In addltlon, a wind speed of
o m SEC dve‘r a’ very rough Eo -—\ ‘m that maintains a Ae of 2 K is
1tsé1f. counter—intui‘tiv‘e.» _ 'Counter—int’uitivei_ c‘auses’ _mu‘st_ ‘be ex,pected' to
hr'oduce c'ounter'—intuit:lve 'effects’,‘b -‘ | ” .
In general, the approx1mate expre351ons for g and % s produce

fluxes ‘that ar,e: very_clos’e to. the‘y exact'v values.

IV Co‘nclusions i
A new method is presented for computlng fluxes of momentum, heat,

and m01sture for the stable surface layer of the:"E2' phys:Lcs of the MRF86
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model. - The new method échieves Several'goals: (1) The existing nocturnal

C'E2! sﬁfface layer‘relatiOns_are incdmpatibie With the»forﬁulation fér
‘turbulent transfgr Céeffiéieﬁts <t<¥1;H)é)above the surface layer. The
. new method makes the relatibns compatible. (2) The current E2 bhysics
subdiyidés the stable regime iﬁto weakly; mildly; and stfongly.stable
subdomains, each with its own algeﬁraic expressions. . The new method
unifies fhe stabie'regime into a singie, continuous doﬁain. (3) The E2
suffacé layer physics. has a critical bﬁlk Richardson number of 1.32,

i aﬁove,whichiail fluxésivanish. The new method has no positive, finite
criticél Bulk Richardsoﬁ ﬁumbér.‘ As the Richardson number increases, ﬁhe
surfacevfluxes decréaéenbut;do not vanish. (4) The E2 physics requires
an itefative techhiqge fOr’calculating the.surface fluxes. The new method

does not.
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